who had undergone a lobectomy with mediastinal lymph node dissection were retrospectively reviewed. Comprehensive histological subtyping was used to estimate the percentage of each histological subtype and to identify the predominant subtype. Tumors were classified according to the proposed new IASLC/ATS/ERS adenocarcinoma classification. Statistical analyses were made including Kaplan-Meier and Cox regression analyses. There were 323 females (63%) and 191 males (37%) with a median age of 69 years (33-89 years) and 298 stage IA and 216 stage IB patients. Three overall prognostic groups were identified: low grade: adenocarcinoma in situ (n ¼ 1) and minimally invasive adenocarcinoma (n ¼ 8) had 100% 5-year disease-free survival; intermediate grade: non-mucinous lepidic predominant (n ¼ 29), papillary predominant (n ¼ 143) and acinar predominant (n ¼ 232) with 90, 83 and 84% 5-year disease-free survival, respectively; and high grade: invasive mucinous adenocarcinoma (n ¼ 13), colloid predominant (n ¼ 9), solid predominant (n ¼ 67) and micropapillary predominant (n ¼ 12), with 75, 7170 and 67%, 5-year disease-free survival, respectively (Po0.001). Among the clinicopathological factors, stage 1B versus 1A (Po0.001), male sex (Po0.008), high histological grade (Po0.001), vascular invasion (P ¼ 0.002) and necrosis (Po0.001) were poorer prognostic factors on univariate analysis. Both gross tumor size (P ¼ 0.04) and invasive tumor size adjusted by the percentage of lepidic growth (Po0.001) were significantly associated with disease-free survival with a slightly stronger association for the latter. Multivariate analysis showed the prognostic groups of the IASLC/ATS/ERS histological classification (P ¼ 0.038), male gender (P ¼ 0.007), tumor invasive size (P ¼ 0.026) and necrosis (P ¼ 0.002) were significant poor prognostic factors. In summary, the proposed IASLC/ATS/ERS classification of lung adenocarcinoma identifies histological categories with prognostic differences that may be helpful in
A new lung adenocarcinoma classification is being proposed by the International Association for the Study of Lung Cancer, American Thoracic Society and European Respiratory Society (IASLC/ATS/ERS). This proposal
has not yet been tested in clinical datasets to determine whether it defines prognostically significant subgroups of lung adenocarcinoma. In all, 514 patients who had pathological stage I adenocarcinoma of the lung classified according to the Union for International Cancer Control/American Joint Committee on Cancer 7th Edition, and who had undergone a lobectomy with mediastinal lymph node dissection were retrospectively reviewed. Comprehensive histological subtyping was used to estimate the percentage of each histological subtype and to identify the predominant subtype. Tumors were classified according to the proposed new IASLC/ATS/ERS adenocarcinoma classification. Statistical analyses were made including Kaplan-Meier and Cox regression analyses. There were 323 females (63%) and 191 males (37%) with a median age of 69 years (33-89 years) and 298 stage IA and 216 stage IB patients. Three overall prognostic groups were identified: low grade: adenocarcinoma in situ (n ¼ 1) and minimally invasive adenocarcinoma (n ¼ 8) had 100% 5-year disease-free survival; intermediate grade: non-mucinous lepidic predominant (n ¼ 29), papillary predominant (n ¼ 143) and acinar predominant (n ¼ 232) with 90, 83 and 84% 5-year disease-free survival, respectively; and high grade: invasive mucinous adenocarcinoma (n ¼ 13), colloid predominant (n ¼ 9), solid predominant (n ¼ 67) and micropapillary predominant (n ¼ 12), with 75, 7170 and 67%, 5-year disease-free survival, respectively (Po0.001). Among the clinicopathological factors, stage 1B versus 1A (Po0.001), male sex (Po0.008), high histological grade (Po0.001), vascular invasion (P ¼ 0.002) and necrosis (Po0.001) were poorer prognostic factors on univariate analysis. Both gross tumor size (P ¼ 0.04) and invasive tumor size adjusted by the percentage of lepidic growth (Po0.001) were significantly associated with disease-free survival with a slightly stronger association for the latter. Multivariate analysis showed the prognostic groups of the IASLC/ATS/ERS histological classification (P ¼ 0.038), male gender (P ¼ 0.007), tumor invasive size (P ¼ 0.026) and necrosis (P ¼ 0.002) were significant poor prognostic factors. In summary, the proposed IASLC/ATS/ERS classification of lung adenocarcinoma identifies histological categories with prognostic differences that may be helpful in identifying candidates for adjunctive therapy. The slightly stronger association with survival for invasive size versus gross size raises the need for further studies to determine whether this adjustment in measuring tumor size could impact TNM staging for small adenocarcinomas. Modern Pathology (2011) 24, 653-664; doi:10.1038/modpathol.2010.232; published online 21 January 2011
Keywords: adenocarcinoma; adenocarcinoma in situ; bronchioloalveolar carcinoma; lung; micropapillary; minimally invasive adenocarcinoma; solid Lung adenocarcinoma is a global public health problem as it is the most common histological subtype of lung cancer and worldwide lung cancer is the most common cause of major cancer incidence and mortality. 1 Histological subclassification of lung adenocarcinoma has been a great challenge for many reasons. The tumor is very heterogeneous from every aspect: pathology, molecular, clinical, radiology and surgery. In the past decade numerous advances have taken place within each specialty for lung adenocarcinoma, particularly in molecular biology with the discovery that EGFR mutations are a marker for responsiveness to tyrosine kinase inhibitors. 2, 3 Pathological and radiological studies have also revealed significant prognostic subsets of lung adenocarcinoma. [4] [5] [6] However, neither the 2004 (WHO) World Health Organization nor the Noguchi classifications address very well the tumors with mixtures of histological types which result in classification of 90 and 60% of all resected lung adenocarcinomas as mixed subtype and as type C, respectively. 4, 5, 7 Because of these rapidly evolving advances in the field of lung adenocarcinoma, there is a need for improvement in stratification of histological categories according to prognosis compared with the previous classifications.
With this background, the International Association for the Study of Lung Cancer, American Thoracic Society and European Respiratory Society (IASLC/ATS/ERS), have sponsored a project to develop an International Multidisciplinary Lung Adenocarcinoma Classification. 8 In this new classification (Table 1) there are several major changes for surgically resected tumors: (1) the term bronchioloalveolar carcinoma (BAC) is no longer used and the growth pattern of BAC is referred to as lepidic pattern; (2) adenocarcinoma in situ is proposed for small (r3 cm) solitary adenocarcinomas with pure lepidic growth lacking invasion; (3) minimally invasive adenocarcinoma (MIA) is proposed for small (r3 cm) lepidic predominant tumors with r0.5 cm of invasion; (4) invasive adenocarcinomas are now classified according to the predominant subtype after performing comprehensive histological subtyping with semiquantitative assessment of each subtype in 5% increments; 4 (5) micropapillary adenocarcinoma is added as a major subtype because of its poor prognostic significance in multiple studies of early stage lung adenocarcinoma; [9] [10] [11] (6) former mucinous BACs are now classified as invasive mucinous adenocarcinomas recognizing that most of these tumors will have invasive components, less expression of TTF-1, frequent KRAS mutations, characteristic CT finding primarily of consolidation rather than ground glass opacities, worse prognosis than non-mucinous lepidic predominant adenocarcinomas and lack of responsiveness to tyrosine kinase inhibitors; [12] [13] [14] [15] [16] [17] [18] [19] and (7) clear cell and signet ring adenocarcinoma are recognized to represent cytological changes that occur in multiple histological subtypes rather than in separate histological subtype. 20, 21 We sought to explore the prognostic significance of this classification in a large series of surgically resected stage I lung adenocarcinomas. As most of these stage I patients did not receive neoadjuvant chemotherapy or adjuvant therapy, this study allowed for exploration of the prognostic significance of the proposed new histological subsets with minimal impact of chemotherapy.
Patients and methods

Patients
We evaluated a retrospective series of resected, preoperatively untreated stage I adenocarcinomas 22, 23 A subset of 366 of these cases was previously reported to validate a grading system based on tumor architecture. 24 
Histological Evaluation
All resected specimens were formalin fixed and stained with hematoxylin and eosin in the routine manner. As needed, mucin stains were performed to evaluate for mucin. Slides were evaluated microscopically by AY with problem cases reviewed by NM and WDT. The average number of slides from each case we reviewed in our study was 8.6 (range: 1-31).
Histological classification was according to the IASLC/ATS/ERS classification of lung adenocarcinomas and the 2004 WHO classification (Table 1) . 8 According to our previous paper by Motoi et al and the IASLC/ATS/ERS criteria, each tumor was reviewed using comprehensive histological subtyping, recording the percentage, in 5% increments, of each histological component. 4 Tumors were classified as adenocarcinoma in situ (Figure 1 The predominant pattern is defined as the pattern with the largest percentage, not necessarily 50% or greater. 4 Tumor size was measured according to 1) total tumor size and 2) size according to only the invasive component not including the lepidic growth. Total tumor size was assessed by standard gross measurement. Size of the invasive component was measured in two ways. In cases wherein the tumors were small, so the invasive component could be measured under the microscope on a single slide, the areas of invasion were measured at Â 20 or Â 40 magnification on an Olympus BX51 microscope using a ruler. However, in most cases wherein the tumor was large, and the size of invasion could not be measured on a single slide under the microscope, the total size of invasive tumor was calculated by multiplying the total size by the percentage of the invasive (non-lepidic) component.
We also investigated several histological factors, which have been reported as significant prognostic factors of lung adenocarcinoma: (1) visceral pleural invasion was classified as PL0, PL1 and PL2 according to the Union for International Cancer Control/American Joint Committee on Cancer TNM classification, 7th Edition. 25 (2) tumor grade of differentiation (well, moderately and poorly differentiated) was assessed according to the 2004 WHO, 26 (3) vascular invasion and (4) necrosis was classified as present or absent.
Statistics
Overall survival was estimated using the KaplanMeier method, with patients followed from time 
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A Yoshizawa et al of surgery until death from any cause. Patients alive at the time of the last available follow-up were censored. Disease-free survival analysis followed patients until recurrence or death from disease. To account for the fact that some patients died of other causes, disease-free survival was evaluated using competing risk methods, which estimates the cumulative incidence function (CIF). Throughout the paper, disease-free survival results are reported as 1-CIF, for consistency with the more familiar Kaplan-Meier estimate. Univariate disease-free survival comparisons were performed using Gray's test, while the disease-free survival multivariate analysis used Cox proportional hazard model with patients censored at the time of death from other causes or at the last follow-up.
All statistical tests were two-sided and used 5% level of significance. Statistical analysis was conducted using Statistical Analysis System (SAS) version 9.2 (SAS Institute Inc, Cary, NC, USA) and the cmprsk package in R (http://www.r-project.org/).
After reviewing the survival data, the histological subtypes were classified into three prognostic groups, which represented low, intermediate and high grades of clinical behavior. These prognostic groups actually revealed that the histological classification identifies categories of adenocarcinoma that have different grades of behavior. Therefore, this 'tumor grade' was based purely on the results of our survival analysis according to the major histological classification of the tumor and differed from the traditional 'differentiation grade' according to the 2004 WHO criteria. 26 
Results
Clinical Characteristics
Clinical features including age, sex, race, smoking status and stage are summarized according to histological subtype in Table 3 . Most patients were female (63%) and stage IA (58%). Median age was 69 years (range: 33-89 years) and median tumor size was 2.0 cm (range: 0.3-5 cm). In all, 301 tumors (59%) were located in right lung and 213 tumors (41%) were located in left lung. One patient Classification of lung adenocarcinoma the cases, respectively. Visceral pleural invasion (PL1 or PL2) was seen in 103 cases (20%). 25 No patient received neoadjuvant therapy; adjuvant chemotherapy and/or radiation therapy was administered in 8 patients (2%) with unknown adjuvant therapy status in 20 (4%).
Pathological Characteristics
The distribution of histological subtypes according to the 2004 WHO and the IASLC/ATS/ERS classifications is summarized in According to the IASLC/ATS/ERS classification, seven of the eight MIA cases were non-mucinous and the eighth case with mucinous features also had a minor non-mucinous component, but no cases of mucinous adenocarcinoma in situ were seen in this study. For the 29 lepidic predominant non-mucinous tumors, the percent lepidic growth averaged 55% (range: 40-90%) and in seven cases it was only 40%. For the 12 mucinous adenocarcinomas, the percent lepidic growth averaged 57% (range: 40-80%) and in two cases there was only 40% lepidic growth, so there was 60% invasion.
The greatest impact of the adjustment of mean tumor size from total gross measurement to mean invasive tumor size (Table 3 ) was with MIA (1.3-0.2 cm, 84% reduction), lepidic predominant (2.3-1 cm, 57% reduction) and mucinous adenocarcinoma (2.5-1.1 cm, 56% reduction).
After adjustment for the percentage of lepidic growth, T-size factor status was downgraded from T1b to T1a in 52 cases, from T2a to T1a in 9 cases and from T2a to T1b in 11 cases. Thus T-factor status was decreased in 72 patients (14%) of the total cohort. When this method was used to determine TNM staging, 3 of 25 cases that were excluded from the total 539 cases would have been downstaged from stage IIA to stage IB, However these cases were not included in this study as they do not meet the Union for International Cancer Control/American Joint Committee on Cancer 7th Edition stage 1 criteria.
Survival Analysis
In all, 70 patients (14%) died of disease and 105 (21%) died of other causes or unknown cause during the study follow-up. Of the remaining 320 (62%) patients alive at the time of analysis, 12 had recurrent disease, 4 were diagnosed with new lung cancers and 304 had no evidence of disease. A total of 89 patients recurred or died from disease, counting as events in the disease-free survival analysis. Median clinical follow-up was 4 years (range: 0.02-13.3 years).
With 95% of the patients classified into mixed group, the WHO classification did not provide a useful stratification with respect to disease-free survival (P ¼ 0.48).
According to disease-free survival, three overall prognostic groups with low, intermediate and highgrade clinical behavior were identified (Table 4 , Figure 6a and b). Low grade comprised of adenocarcinoma in situ (n ¼ 1) and MIA (n ¼ 8), both with 100% disease-free survival at 5 years. Intermediate-grade tumors consisted of non-mucinous lepidic predominant (n ¼ 29, disease-free survival at 5 yrs ¼ 90%), acinar predominant (n ¼ 232, diseasefree survival at 5 yrs ¼ 84%) and papillary predominant (n ¼ 143, disease-free survival at 5 yrs ¼ 83%) adenocarcinomas. High-grade tumors included: solid predominant (n ¼ 67, disease-free survival at 5 yrs ¼ 70%), micropapillary predominant (n ¼ 12, disease-free survival at 5 yrs ¼ 67%), colloid predominant (n ¼ 9, disease-free survival at 5 yrs ¼ 71%) and invasive mucinous and mixed mucinous/ non-mucinous (n ¼ 13, disease-free survival at 5 yrs ¼ 76%).
There was no significant difference with respect to disease-free survival between any two histological subtypes belonging to the same risk group. 
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Considering this, as well as the small samples sizes observed for most of the histological subtypes, we further conducted survival analysis according to low (n ¼ 9), intermediate (n ¼ 404) and high-grade (n ¼ 101) groupings and found 5-year disease-free survival of 100, 84 and 71%, respectively (Po0.001). Table 5 summarizes the univariate association between clinical factors and disease-free survival. Higher stage (Po0.001), male gender (P ¼ 0.008), necrosis (Po0.001), poor differentiation (Po0.001) and vascular invasion (P ¼ 0.002) were all associated with worse disease-free survival.
For overall survival, the three grading categories determined by IASLC/ATS/ERS classification were not significantly different (P ¼ 0.06) with respect to overall survival, likely because of the low number of patients, lack of events in the low-grade group and death due to other causes. However, patients with intermediate grade had significantly better overall survival, compared with high-grade patients (P ¼ 0.02).
According to the Union for International Cancer Control/American Joint Committee on Cancer, TNM classification, disease-free survival for patients with T1a (r2 cm) tumors was significantly better compared with that for T1b (42 cm or r3 cm) tumors (P ¼ 0.04; Figure 7a ), and the difference became even more pronounced when size was adjusted for the amount of invasive size (Po0.001, Figure 7b ).
Cox Regression
A multivariate analysis adjusting for gender, stage, tumor size, differentiation, presence of necrosis and of vascular invasion indicated that histological grading remained significantly associated with disease-free survival (Table 6) , with patients in the high-risk group having an increased risk of death, compared with the intermediate/low-risk group and to the intermediate-risk group alone (HR ¼ 1.68, 95% CI: 1.03-2.75, P ¼ 0.038, for both comparisons).
Other independent predictors of an increased risk of death of disease or recurrence were: male gender (HR ¼ 1.8, P ¼ 0.007), tumor size adjusted for lepidic growth (HR ¼ 1.3, P ¼ 0.026) and tumor necrosis (HR ¼ 1.5, P ¼ 0.002).
Discussion
Our data show the proposed IASLC/ATS/ERS classification identifies histological subsets of lung 27 there is a great need to predict which patients will recur in order to develop strategies for choosing which patients may benefit by adjuvant therapy. In our stage I lung adenocarcinomas we found the histological subtypes proposed according to the new classification fell into three major prognostic categories or grades of behavior. Two categories (adenocarcinoma in situ and MIA) had 100% 5-year disease-free survival. In the future, such patients may represent candidates for limited surgical resection; however, it can be very difficult for a pathologist to exclude invasion on the basis of frozen section and the role of frozen section in this setting still needs to be defined. 8 Lepidic, acinar and papillary predominant adenocarcinomas had an intermediate clinical behavior with 5-year disease-free survival between 83 and 90%. Finally, a poor prognostic group consisted of the four categories solid, micropapillary, and colloid predominant as well as invasive mucinous adenocarcinoma with 5-year disease-free survival between 67 and 76%. Not only do these histological subtypes fall into overall prognostic categories or grades of behavior as we demonstrate in this study, but Sica G et al have shown that the detailed data derived from comprehensive histological subtyping appear to be useful for developing a more elaborate grading system for lung adenocarcinoma according to tumor architecture. 24 In our series, the adenocarcinoma in situ and MIA cases comprised less than 2%, the 29 lepidic predominant adenocarcinomas, comprised 5.6%, and the remaining 93% of cases represented predominantly invasive adenocarcinomas. These predominantly invasive adenocarcinomas, comprise the largest subset of tumors and presented the greatest challenge of this new classification because they are composed of a complex heterogeneous mixture of the different histological patterns. By using the method of comprehensive histological subtyping, 4 we were able to classify the tumors according to the predominant subtype and identify prognostically significant categories.
Our data also confirm that cases previously classified as BAC now fall into five different entities in the new IASLC/ATS/ERS classification including (1) adenocarcinoma in situ, (2) MIA, (3) lepidic predominant adenocarcinoma, (4) other invasive adenocarcinomas with lepidic component (this includes patients with advanced lung adenocarcinoma, although these cases were excluded from this study) and (5) mucinous adenocarcinoma. The widely varying clinical behavior of the different categories observed in this study supports the rationale in the new classification for discontinuing use of the term BAC.
The poor prognostic group of solid, micropapillary, invasive mucinous adenocarcinoma and colloid predominant subtypes are important because patients with these tumors may be candidates for adjuvant therapy. There is a growing amount of data confirming that the solid subtype correlates with poor prognosis including a study from our group in a different data set 4 and data from other investigators. 28, 29 The adverse prognosis associated with the micropapillary pattern, confirms observations in multiple previous studies and supports the addition of this new subtype to the classification. 10, 11, [30] [31] [32] [33] However, varied criteria for the diagnosis have been used with percentage of the micropapillary component including as little as 6% of the total tumor and none of these studies have utilized comprehensive histological subtyping to define this subgroup according to the predominant subtype showing comparison with survival of the other histological subtypes as we have done. 10, 11, [30] [31] [32] [33] Our finding that colloid adenocarcinomas also fit into this poor prognostic group was somewhat surprising as these tumors are often regarded as well-differentiated tumors, but this is the largest series of these tumors reported where survival analysis compared outcome with other adenocarcinoma histological types. Furthermore, no previous studies have ever defined colloid adenocarcinomas according to the predominant subtype.
One of the most significant changes in the new classification is separation of the previous mucinous BACs into a separate category called invasive mucinous adenocarcinoma. This is based not only on the different histological appearance, but the frequent presentation with multiple nodules, lobar consolidation, multilobar and/or bilateral lung involvement and frequent KRAS mutations compared with EGFR mutations. 8 Worse survival for tumors formerly classified as mucinous BAC compared with those formerly classified as nonmucinous BAC has been suggested. 18, [34] [35] [36] However, the data are limited, other studies have not shown a significant survival difference, 37 and the histological criteria have evolved over time. 26 The latter problem complicates interpretation of the literature on this topic. Our finding that invasive mucinous adenocarcinoma fits with the high-grade clinical behavior is consistent with the previous literature suggesting an aggressive clinical course for these tumors. 34, 35, 38 This is consistent with our finding in this study that most tumors previously classified as mucinous BACs actually show invasive growth rather than a pure lepidic pattern.
Our data also raise the question whether T-factor staging for tumor size should be based only on the invasive component rather than total tumor size, in a manner similar to breast cancer wherein the size of the in situ component is not included in T-factor staging. 39 This new way of thinking was a direct result of introduction of the concept of adenocarcinoma in situ for small solitary lung adenocarcinomas with pure lepidic growth. Despite the slightly stronger association with survival for invasive size versus gross size (P ¼ 0.001 versus 0.04), in our data set, both approaches appeared to demonstrate prognostic significance for survival. The potential for this to impact staging for small lung adenocarcinomas needs further evaluation to see whether this could impact the next revision of TNM staging. Another implication for staging is to use the term Tis (adenocarcinoma) in distinction from Tis (squamous) for lung cancer that meet criteria for adenocarcinoma in situ, just as in breast cancer Tis (ductal carcinoma in situ) and Tis (lobular carcinoma in situ). 39 Regarding MIA, again similar to breast cancer, a new category of Tmi may be introduced for lung adenocarcinomas that meet criteria for this new proposed category. 39 As the 7th edition of the Union for International Cancer Control/American Joint Committee on Cancer staging system was just recently published, 22, 23 these topics will need to be the focus of investigation for the next 5 years so that sufficient validated data is available to determine which changes need to be made in the 8th edition of the TNM classification for lung adenocarcinoma staging.
Another observation in our study was that disease-free survival was more informative than overall survival in predicting outcome in these stage I adenocarcinomas. Overall survival is the method of survival analysis utilized in most lung cancer studies. This is because the high mortality of lung cancer diminishes the impact of the small percentage of patients who die of other causes. However, in tumor populations such as our series of stage I adenocarcinomas, where there is a high percentage of deaths not related to tumor, disease-free survival more accurately reflects the biological behavior of the tumors.
In summary, our study of stage I lung adenocarcinomas demonstrates the new IASLC/ATS/ERS classification identifies prognostically significant histological subtypes of lung adenocarcinomas including the low-grade adenocarcinoma in situ and MIA and the intermediate grade lepidic predominant, acinar and papillary adenocarcinomas. High-grade adenocarcinoma subtypes included solid, micropapillary, invasive mucinous adenocarcinoma and colloid predominant adenocarcinomas. Thus histological subtyping of adenocarcinomas is a potential a way to stratify patients with stage I tumors for adjuvant therapy.
